Chrysanthemum white rust, caused by Puccinia horiana Henn., is an economically important disease that infects most florist's chrysanthemum (Chrysanthemum × morifolium) cultivars grown worldwide for cut flower and potted plant production (13) . The disease was first discovered in Japan in 1895 (12) and described by Hennings (11) in 1901. Although confined to Japan and China until 1963 (5) , global trade of chrysanthemums has since disseminated P. horiana throughout the world. P. horiana has now been found virtually everywhere chrysanthemums are grown or shipped, and it is regulated as a quarantine organism in most countries (3) .
P. horiana is an obligate biotrophic pathogen that primarily infects fresh tissue of growing plants, although older leaves can also become infected (8) . Disease symptoms include the formation of raised, buff or pinkish pustules (sori) on the lower leaf surface that turn white at maturity (13) , and tan as they age. P. horiana is a microcyclic rust, producing only teliospores and basidiospores. Germinating teliospores produce a basidium from which unicellular basidiospores are discharged (13) . It is the dispersal of basidiospores that accounts for the rapid spread of white rust, which can be distributed by air currents to a distance of at least 700 m (23) . Upon germination, basidiospores produce a germ tube that directly penetrates susceptible leaf tissue. The period between infection and symptom development is normally 7 to 10 days (8, 24) , and teliospores are typically formed a few days later (13) . The incubation period can be prolonged for several weeks when infected plants are exposed to temperatures in excess of 30°C (24) .
The use of clean nursery stock and routine scouting for disease are essential management practices for the control of white rust. Until recently (1), identification protocols for P. horiana relied upon macroscopic symptoms and morphological features of the sori as well as microscopic examination of the teliospores. For this reason, during the initial stages of infection, the pathogen can often elude detection. In greenhouses and nurseries, early and accurate identification of white rust is essential to limit the spread of the pathogen and to ensure clean stock for propagation. More versatile molecular-based diagnostic methods are beneficial to chrysanthemum growers and may assist in border interceptions and field inspections in countries where P. horiana is regulated as a pathogen of quarantine status.
The polymerase chain reaction (PCR) with species-specific primers is particularly well-suited for the identification of phytopathogenic fungi, because it does not require the presentation of fully developed morphological features, and it can be used to confirm the presence of a pathogen during the early stages of infection. The utility of the ribosomal DNA (rDNA) internal transcribed spacer (ITS) regions 1 and 2 for the production of specific primers has been shown to be a successful strategy for developing diagnostic assays for many plant-pathogenic fungi (10), including several rusts (6, 9, 14, 25) . The ITS regions are ideal for such assays because they show considerable variation among individual fungal species but generally are conserved within a species (21) . Additionally, PCR assays based upon the ITS regions are favored since rDNA is present in multiple copies in most fungal genomes (21) , making them more sensitive than assays that amplify single-copy genes.
Many chrysanthemum cultivars are also susceptible to Puccinia chrysanthemi, the causal agent of chrysanthemum brown rust (17) . Early symptoms of brown rust consist of pale yellow flecks on the upper and lower leaf surface, and as the disease progresses, brown powdery uredia form consisting mainly of abundant, darkly pigmented urediniospores (13) . Brown rust and white rust are therefore easily distinguished in late stages of disease by the spores they produce. The shared ancestry of the rusts that infect chrysanthemums must therefore be considered during the design of primers so that the primers intended to detect P. horiana do not amplify a target from the DNA of P. chrysanthemi.
The objectives of this study were to: (i) sequence and compare the ITS regions of P. horiana isolates collected from several distinct geographical locations; (ii) develop primers specific to P. horiana based Puccinia horiana, the causal agent of chrysanthemum white rust, is a pathogen of quarantine status in many countries where Chrysanthemum × morifolium cultivars are grown. Historically, identification protocols for white rust relied upon macroscopic symptom development and microscopic examination of infected leaves for teliospores. Symptoms become visible 7 to 10 days after initial infection under favorable conditions followed by the production of telia. Infected plants can therefore evade detection before symptoms and fruiting bodies are evident. Conventional and real-time polymerase chain reaction (PCR) assays were developed to detect P. horiana using primers designed to amplify portions of the internal transcribed spacer (ITS) regions of the nuclear ribosomal DNA (rDNA). The species-specific primers could detect the pathogen from 1 ng of DNA isolated from infected leaf tissue in conventional PCR assays and from 1 pg in realtime PCR assays. While both assays were capable of detecting P. horiana in symptomatic tissue, the greater sensitivity offered by the real-time PCR assay makes it more reliable for detecting the pathogen during the latent stage of infection. The P. horiana primers did not amplify the rDNA target using DNA isolated from leaf tissue infected with P. chrysanthemi.
on the rDNA ITS regions to be used for conventional PCR and real-time PCR assays; (iii) test the efficacy of the PCRbased detection on early and late stage infected chrysanthemum leaf tissue; and (iv) test the specificity of the primers using DNA isolated from chrysanthemum leaves infected by P. chrysanthemi.
MATERIALS AND METHODS
Fungal specimens and plant materials. P. horiana isolates were obtained from border interceptions and field inspections in Arizona, California, Pennsylvania, and Texas by APHIS inspectors (Table 1) . A single sample of P. chrysanthemi (consisting of multiple infected leaves) was obtained from California, but the pathogen was not propagated. Chrysanthemum varieties used throughout this study included Cherry Pomona, Amber Pomona, Delano, Erica, and Pam (Yoder Brothers, Inc., Alva, FL).
Pathogen propagation and inoculation. All manipulations involving P. horiana samples and the propagation of P. horiana field isolate PhCA3 were conducted inside the USDA-ARS, Foreign Disease-Weed Science Research Unit Biological Safety Level 3 (BSL-3) Plant Pathogen Containment Facility under the appropriate USDA-APHIS permit (15) . For routine propagation, infected leaves (3 to 4 weeks postinoculation) were macerated with a razor blade in approximately 10 ml of H 2 O with a drop of Tween 20. The tissue was then suspended in 50 ml of H 2 O and poured onto chrysanthemum plants propagated from rooted cuttings and grown on a greenhouse bench with periodic misting. Symptoms developed in approximately 8 to 10 days, and telia were observed approximately 2 weeks after inoculation. For experiments involving infected, asymptomatic tissue, two inoculation methods were used. In one method, infected leaf tissue (3 weeks postinoculation) containing a single sorus was removed from leaves with a razor blade and placed directly on the upper surface of the leaves of uninfected plants. The site of inoculation was marked on the leaf surface with an ink marker, and the inoculum was kept in place for 2 days. Periodic misting of the plants was maintained to provide favorable conditions for white rust infection. Alternatively, a modified version of the inoculation method described by Firman and Martin (8) was used. Briefly, a piece of an infected leaf containing a single sorus was secured to the inside of a 10-cm petri dish lid using tape. A single P. horiana-free leaf was placed below the inoculum. A small piece of wetted filter paper was placed inside, and the dish was sealed with Parafilm laboratory film to maintain a high level of humidity. At a specified number of days postinoculation (dpi) the leaves were washed to remove any spores or fungal tissue from the surface, and 1 cm 2 leaf disks were removed from the site of inoculation and frozen at -80°C until DNA extractions were performed.
DNA extraction. Genomic DNA was isolated from leaf tissue collected from either healthy or infected plants. For each sample, DNA was extracted from one to three 1 cm 2 leaf disks that were frozen and ground to a fine powder in liquid nitrogen. Genomic DNA was extracted using a modified hexadecyltrimethylammonium bromide (CTAB) protocol (18) . Briefly, DNA extraction buffer (100 mM Tris, pH 7.5; 1% CTAB; 0.7 M NaCl; 10 mM EDTA; 1% 2-mercaptoethanol; 0.3 mg/ml proteinase K) was added to the ground tissue and incubated at 65°C for 30 min, followed by two rounds of chloroform:isoamyl alcohol (1:1) extraction, and precipitated with 2-propanol. DNA was resuspended in TE buffer containing 1 mg/ml RNase. The extracted DNA of each sample was quantified using a Nanodrop NO-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE) and adjusted to a final concentration of 100 ng/µl for PCR. To obtain genomic DNA to be used for cloning purposes only, DNA was isolated using the Qiagen DNeasy Plant Mini kit (Valencia, CA) following the recommendations of the manufacturer. Puccinia graminis f. sp. tritici used as a control for real-time PCR assay specificity was kindly provided by L. Szabo (USDA, ARS Cereal Disease Laboratory, St. Paul, MN).
ITS amplification, cloning, and sequencing. Amplification of select rDNA regions from P. horiana and P. chrysanthemi was performed with the universal primer ITS5 (21) and a rust-specific primer, Rust1 (14) ( Table 2) . PCR was performed in 25-µl reaction mixtures containing 1× ThermoPol buffer (New England Biolabs, Beverly, MA), 0.2 mM dNTP, 400 nM of each primer, 100 ng template DNA (genomic DNA isolated from environmental samples), and 5 units Taq DNA Polymerase (New England Biolabs) using a Mastercycler Gradient Thermocyler (Eppendorf AG, Germany), with initial denaturation at 94°C for 90 s, followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 60 s, and a final extension at 72°C for 2 min. Amplified products were resolved on 1% agarose gel, and the bands were excised and purified using the Qiagen QIAquick Gel Extraction kit. Purified PCR products were cloned into pPCR2.1-TOPO using the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA) and transformed into E. coli TOP10 by electroporation. Plasmid DNA was extracted from three individual clones representing each fungal specimen using a plasmid mini-prep kit (Wizard SV; Promega, Madison, WI) following the manufacturer's directions. Conventional PCR using speciesspecific primers. DNA extracted from healthy chrysanthemum leaves or those infected with either P. horiana (propagated isolate PhCA3) or P. chrysanthemi was used as the template for PCR. A sequence alignment of the cloned P. horiana rDNA regions and a comparative alignment between the P. horiana and P. chrysanthemi rDNA regions were visually inspected and used to manually design primers. Primers for the amplification of the chrysanthemum rDNA were manually designed based upon a Chrysanthemum × morifolium rDNA sequence (GenBank accession AB064280). All oligonucleotide primers (Table 1) were synthesized by Operon Biotechnologies (Huntsville, AL). PCR conditions were the same as used for the initial rDNA amplification. PCR products were analyzed on 1.2% agarose gels and stained with ethidium bromide. To test the sensitivity of the primers, DNA was extracted from excised P. horiana sori (isolate PhCA3) in an attempt to minimize contaminating plant genomic DNA. The concentration of the enriched P. horiana genomic DNA was adjusted to 100 ng/µl and serially diluted to a concentration of 0.1 pg/µl.
Real-time PCR assay. Real-time PCR was performed using a SmartCycler (Cepheid, Inc., Sunnyvale, CA) in 25-µl Cepheid tubes. The reactions were performed in 25-µl volumes containing 1 µl of sample DNA (10 ng/µl unless otherwise noted) and 24 µl of a master mix containing 300 nM of each primer, 100 nM probe (6- 
RESULTS
A DNA fragment of approximately 1,300 bp spanning the 5′ end of the 18S rDNA, ITS1, the 5.8S rDNA, ITS2, and the 5′ end of the 28S rDNA was amplified and sequenced from 14 individual specimens of P. horiana and one sample of P. chrysanthemi. The P. horiana samples shared greater than 97 and 96% identity between their ITS1 and ITS2 regions, respectively (Supplemental Figures 1 and 2) . The rDNA ITS regions of the isolates used in this study were also compared to the sequenced ITS regions of 18 P. horiana isolates described by Alaei et al. (2) . From 76 individual clones derived from these 18 isolates, Alaei et al. (2) described three distinct types of P. horiana ITS regions (designated types I, II, and III). The rDNA ITS regions of the isolates used in this study all share greater than 96% identity to the predominant, type I ITS regions.
An alignment of the P. horiana and P. chrysanthemi ITS regions (Fig. 1) illustrates the level of divergence between the two species. The ITS1 and ITS2 regions of P. horiana and P. chrysanthemi share only 68 and 73% identity, respectively. Primers for PCR were designed using the alignment as a guide to maximize the specificity of the diagnostic assay ( Table 2 ). The sequences of ITS regions from other chrysanthemum fungal pathogens (Didymella ligulicola, Fusarium oxysporum, Septoria obesa, Verticillium albo-atrum, V. dahliae, Erysiphe cichoracearum, Rhizoctonia solani, Sclerotinia sclerotiorum, Botryotinia fuckeliana, Stemphylium lycopersici, Itersonilia perplexans, and Pythium spp.) were also aligned against the P. horiana and P. chrysanthemi sequences to ensure that the primers designed would be specific to the intended pathogens. P. horiana shares less than 58% identity with the ITS1 regions of the other fungal pathogens of chrysanthemums, and less than 52% identity within the ITS2 region. With the exception of Pc-F2, which corresponds to a conserved site within the 5.8S ribosomal gene, the primers were designed to variable regions within the ITS1 and ITS2 regions to reduce the likelihood of amplifying targets other than those intended. The primer sites selected to amplify specific regions of the P. horiana rDNA ITS regions are not conserved in any of the other fungal pathogens of Chrysanthemum × morifolium.
Specificity of the primer sets was tested using genomic DNA isolated from greenhouse grown plants infected with either P. horiana or P. chrysanthemi, or uninfected chrysanthemums propagated in a separate greenhouse facility (Fig. 2) . The P. horiana-specific primer sets Ph-F2/Ph-R1 and Ph-F1/PhR1 amplified single bands of 242 and 340 bp when used with DNA isolated from P. horiana-infected leaf tissue, but produced no PCR product when tested with DNA isolated from tissue infected by P. chrysanthemi. Likewise, the primer sets Pc-F2/Pc-R1 and Pc-F1/Pc-R1 designed to amplify the P. chrysanthemi ITS rDNA produced single bands of 243 and 395 bp only when the DNA isolated from P. chrysanthemi-infected tissue was used. As expected, the primer sets designed specifically to detect either P. horiana or P. chrysanthemi did not amplify a product from genomic DNA obtained from healthy chrysanthemum leaf tissue. As a control, the sequence of the Chrysanthemum × morifolium ITS region was used to design primers that would amplify a product from both infected plants and uninfected plant controls ( Table 2) . A single product of 418 bp was amplified from all DNA samples using the chrysanthemum-specific primers (Fig. 2) .
In preliminary trials, the P. horianaspecific primer set Ph-F2/Ph-R1 that produced the 242-bp product consistently produced a more intense band than the primer set Ph-F1/Ph-R1 that produced the larger 340-bp product (Fig. 2) . As a result, the primers Ph-F2 and Ph-R1 were used for all subsequent experiments. To test the sensitivity of the assay, a DNA extraction from excised P. horiana sori was prepared. A 10-fold serial dilution of the P. horianaenriched DNA was then used as the template in conventional PCR reactions. The P. horiana-specific primers amplified the rDNA ITS target sequence in reactions containing 1 ng of template DNA through 35 cycles (Fig. 3A) . Contaminating plant DNA could also be detected in the P. horiana-enriched template, as evidenced by PCR using the Cm-F1 and Cm-R1 primer set (data not shown).
Because of the greater sensitivity and rapidity offered by real-time PCR (19) , the Ph-F2 and Ph-R1 primers were also tested in a TaqMan 5′ nuclease assay. These primers were used together with a FAMlabeled probe that was designed to anneal between the Ph-F2 and Ph-R1 primer sites within the 5.8S gene (Fig. 1) . To determine the sensitivity of the assay, the same 10-fold serial dilutions of P. horiana-enriched template tested by conventional PCR were used. As little as 1 pg of DNA could be detected using real-time PCR (Fig. 3B) . Reactions containing 0.1 pg template did not yield a positive Ct value, indicating no amplification of the target sequence. A negative linear relationship was found between the Ct value and the log of the diluted P. horiana-enriched DNA (R 2 = 0.997). No-template control reactions did not produce a positive Ct value through 35 cycles, indicating that no amplification occurred.
To confirm the specificity of the realtime PCR assay, DNA isolated from P. chrysanthemi-infected leaf tissue was tested with the Ph-F2/Ph-R1 primer set, and no amplification was detected. As a further control for specificity, purified P. graminis f. sp. tritici genomic DNA was also tested. Despite the higher level of sequence identity between the P. horiana and P. graminis f. sp. tritici ITS1 and ITS2 regions (77 and 87%, respectively), the Ph-F2/Ph-R1 primer sites are not conserved in the P. graminis f. sp. tritici ITS region (Fig. 1) , and they did not amplify a product from the P. graminis f. sp. tritici template DNA using the real-time PCR assay. To test the utility of the real-time assay on field samples, nine environmental samples visibly infected with P. horiana were tested using the TaqMan 5′ nuclease assay, and all yielded positive Ct values (Supplemental Table 1 ).
Real-time PCR was used to test genomic DNA that was isolated from chrysanthemum leaves displaying a range of disease symptoms (Fig. 4) . All samples showing visible symptoms, including the earliest detectable lesions from which no teliospores could be detected (designated as stage 1 of infection), young sori producing teliospores (stage 2), and fully formed sori (stage 3), tested positive for the presence of P. horiana (Table 3 ). Plants exposed to the pathogen but lacking any visible white rust symptoms (stage 0) only produced a detectible PCR product for one out of the three trials. However, since the stage 0 tissue used for this experiment was selected randomly from plants that were merely exposed to the pathogen, it is possible that the negative results were indicative of uninfected tissue.
To more accurately assess the ability of the PCR assays to detect the presence of the pathogen in asymptomatic tissue, two methods were used to inoculate P. horiana-free chrysanthemum leaf tissue. The first inoculation involved direct contact with infected leaf material. For samples inoculated in this manner, the leaves showed no visible signs of infection or damage at 3 dpi. At 6 dpi, some leaves showed a slight indentation on the upper leaf surface, a symptom that often precedes the formation of a sorus on the lower leaf surface. None of the 6-dpi samples displayed any symptoms on the lower leaf surface. Both the conventional PCR and real time-PCR assays were performed on the 3-dpi and 6-dpi samples. At 3 dpi, the conventional PCR assay detected P. horiana in two of the six samples tested, whereas at 6 dpi all six samples tested positive (Table 4) . Using the real-time PCR assay, all of the 3-dpi and 6-dpi samples tested positive for P. horiana (Table  4) . Alternatively, a chrysanthemum leaf was inoculated without direct contact with the infected material. Using this method, all six of the samples collected 3 dpi tested positive using the real-time assay (Table  5) . However, the conventional PCR assay failed to detect the presence of the pathogen.
DISCUSSION
The development and deployment of diagnostic technologies and protocols that allow for the early detection and accurate diagnosis of introduced plant pathogens are essential for control measures aimed at stopping the spread of disease and mini- Fig. 3 . Sensitivity of conventional polymerase chain reaction (PCR) and real-time PCR assay using diluted template DNA. A, Agarose gel of a conventional PCR assay using the Puccinia horianaspecific primers, Ph-F2 and Ph-R1. Amounts of DNA for each reaction are indicated. B, Correlation of cycle threshold (Ct; number when fluorescence of sample exceeded background fluorescence) values to the log of template DNA concentration using real-time PCR with the P. horiana-specific primer set, Ph-F2/Ph-R1, and the FAM-labeled probe. mizing loss (20) . While traditional diagnostic techniques based on visual examination of symptoms and/or of the pathogen itself remain the only option for many diseases, such approaches are typically slow and require confirmation by trained plant pathologists or diagnosticians. Furthermore, infected plants do not always display symptoms, and therefore cannot be effectively screened by visual inspection alone.
The aim of this work was to develop conventional and real-time PCR assays to detect P. horiana, the causal agent of chrysanthemum white rust. An alignment of the rDNA ITS regions from P. horiana isolates obtained for the current study to the rDNA ITS sequences from other fungal pathogens of chrysanthemums enabled the development of P. horiana-specific primers that could be used for conventional and real-time PCR assays. Using conventional PCR, the lower limit of detection was 1 ng, and although this was sufficient for reliable detection using symptomatic tissue, detection of the pathogen during the latent stage of infection was limited to leaf tissue that received a heavy inoculum, and just prior to the onset of symptom development. Thus, although the conventional PCR assay described here may have utility for confirming the presence of the pathogen in visibly infected tissue, it is of limited value during the latent stage of infection. The real-time PCR assay was 100 times more sensitive than the conventional PCR assay. Similar PCR-based assays for P. horiana have recently been reported (1). Although the lower limit of detection reported here is less than that of the real-time PCR assay reported by Alaei et al. (1), it was still sufficiently sensitive to reliably detect P. horiana in asymptomatic leaf tissue. Differences in DNA extraction methods, primer binding sites, PCR conditions, and the source material of the DNA (infected leaves versus basidiospores) likely contribute to the differences in sensitivity of the assays developed independently by the two laboratories.
During the course of this work, an additional 76 rDNA ITS sequences derived from 18 isolates of P. horiana were released in GenBank by Alaei et al. (2) . There are at least three distinct ITS sequence types (designated types I, II, and III) in P. horiana (2) . However, types II and III appear to occur at a very low frequency in some isolates, and all isolates contain the predominant type I rDNA ITS sequences (2) . Only type I sequences were found among the isolates collected in this study. A comparison of all the available P. horiana rDNA ITS sequences further established that the annealing sites for the FAM-probe and the P. horiana-specific primers (Ph-F1, Ph-F2, and Ph-R1) described herein are conserved. Furthermore, since these sequences were derived from a collection with a diverse geographical distribution, the assays based upon the Ph-F2/Ph-R1 primer set should have broad applicability.
Aside from P. horiana, P. chrysanthemi is the only other Puccinia species known to infect Chrysanthemum × morifolium. It should be noted that several species, including P. chrysanthemi, P. similis, P. artemisiella, and P. absinthii have been synonymized with P. tanaceti over the years (4, 7, 22) , and there is currently some debate over the validity of this taxonomic classification (16) . Although P. horiana and P. chrysanthemi belong to the same genus, there is significant divergence be- tween their respective rDNA ITS regions (2) . This allowed for the development of primers that could easily distinguish between these pathogens.
Although not a pathogen of Chrysanthemum × morifolium, the Ph-F2/Ph-R1 primer set was also tested against genomic DNA from Puccinia graminis f. sp. tritici. The cereal rusts are common in the environment and are phylogenetically more similar to P. horiana than the other pathogens that infect Chrysanthemum × morifolium. No amplification was detected, even when using 100 ng of template, an amount unlikely to be present in DNA extractions of chrysanthemum leaves. Some cross-reactions were reported by Alaei et al. (1) , when the primers they developed were tested against P. drabae and P. trebouxi, but like P. graminis f. sp. tritici, neither rust occurs in the same niche as P. horiana, minimizing the likelihood of cross-amplification with the nontarget organisms.
P. horiana remains a quarantine significant pest in the United States and in most countries where chrysanthemums are grown (3). Since most chrysanthemum varieties that are grown commercially are susceptible to the pathogen, the use of clean nursery stock and regular scouting for the disease remain the best preventative measures to combat white rust. The realtime PCR assay presented here demonstrates the specificity and sensitivity for the detection of P. horiana in infected tissue prior to the onset of symptoms under controlled conditions. However, further work will be required to determine the appropriate sampling methods to assist in these control measures. 
